The Proctor test is time-consuming and requires sampling of several kilograms of soil. Proctor test parameters were predicted in Mollisols, Entisols and Vertisols of the Pampean region of Argentina under different management systems. They were estimated from a minimum number of readily available soil properties (soil texture, total organic C) and management (training data set; n = 73). The results were used to generate a soil compaction susceptibility model, which was subsequently validated using a second group of independent data (test data set; n = 24). Soil maximum bulk density was estimated as follows: Maximum bulk density (Mg m -3 ) = 1.4756 -0.00599 total organic C (g kg -1 ) + 0.0000275 sand (g kg -1 ) + 0.0539 management. Management was equal to 0 for uncropped and untilled soils and 1 for conventionally tilled soils. The established models predicted the Proctor test parameters reasonably well, based on readily available soil properties. Tillage systems induced changes in the maximum bulk density regardless of total organic matter content or soil texture. The lower maximum apparent bulk density values under no-tillage require a revision of the relative compaction thresholds for different no-tillage crops.
INTRODUCTION
Intensive agriculture has resulted in excessive and often deep-reaching soil compaction in many fertile lands around the world (Gupta & Almaras, 1987; Taboada et al., 1998; Lipiec & Hatano, 2003; Hamza & Anderson, 2005; Álvarez et al., 2009) . Repeated passing of tractors and other heavy equipment for seedbed preparation, sowing, crop protection and harvesting operations has led to unprecedented levels of soil compaction (Gupta & Allmaras, 1987) . The impact is greatest when the soil is wet and/or highpressure tires are used with heavy equipment (Botta et al., 2004; Hamza & Anderson, 2005) . Soil susceptibility to compaction is a function of different inherent soil properties, e.g., organic C content, texture class, and mineralogy, among others (Gupta & Allmaras, 1987) . The risk of excessive soil compaction can be predicted in the laboratory by generating Proctor parameters in compactability tests (ASTM, 1982) . This standardized soil engineering procedure determines how bulk density is affected by the water content in response to standardized energy input and compaction procedure (Mueller et al., 2003) . The main parameters derived from a Proctor or compaction test include soil maximum bulk density (MAXBD), critical water content (CWC) and soil compaction susceptibility. Soil MAXBD may be used as a reference value to estimate the relative compaction of a soil (Carter, 1990; Beutler et al., 2005) . Soil MAXBD is reached at a specific critical water content. Generally, both MAXBD and CWC are related to the soil texture class, determined by the proportion of clay, silt and sand particles in the soil. However, soil total organic C content (TOC) is most closely correlated with MAXBD and CWC in Pampas soils (Díaz Zorita & Grosso, 2000; Aragón et al., 2000) .
Soil compaction susceptibility is also determined by the tillage methods, since soils under conventional tillage (CT) are more susceptible to compaction than those under no-tillage (NT) (Franzluebbers & Stuedemann, 2008) . This effect is sometimes confused with the stratification of organic C in NT topsoils, which results in higher surface TOC content and higher structural stability values than similar CT topsoils (Alvarez et al., 2009) . Despite the widespread implementation of NT methods worldwide (Lal et al., 2007) , the published soil compaction models do normally not consider differences in soil tillage systems. The potential effect of tillage in a predictive soil compaction model is a key element, because approximately 100 million ha are cultivated under NT worldwide (Díaz Zorita et al., 2002; Álvarez et al., 2009) . Based on previous reports using soil Proctor tests, it was hypothesized that compaction of NT is lower than of CT topsoils. However, Proctor tests are time-consuming and require sampling and transport of several kilograms of soil to the laboratory. Therefore, estimating Proctor parameters from routinely obtained inherent soil properties is an interesting option to assess compaction. The present study aims to predict soil Proctor test parameters (soil MAXBD and CWC) under different tillage management systems. Soil Proctor parameters were estimated from a minimum number of readily available soil properties (training data set), and the models developed from the training data set were validated using a second group of independent data (test data set).
MATERIALS AND METHODS
This study was conducted in the Pampas region of Argentina, which is a vast plain covering approximately 60 million ha of soil derived from aeolian (loess-like) sediments under grassland vegetation (Soriano et al., 1991) . Mean annual precipitation varies from 1000 mm in the East to 600 mm in the Western part of the region. In the Southwest, the soil texture of the topsoil is loamy sand and of the A horizon silty loam and silty clay loam, while a strong Bt horizon was observed in the Northeast (Salazar Lea Plaza & Moscatelli, 1989) .
The data analyzed in this study consisted of the field data recorded in this study (62 cases) and others taken from previous studies in the region (Kruger, 1996; Aragón et al., 2000) . Soils were largely Mollisols (Typic, Abruptic and Vertic Argiudolls; Typic and Entic Hapludolls) and a smaller proportion of Entisols and Vertisols (Figure 1 ). The management systems included uncropped sites (pastures, reforestation and ornamental parks) and agricultural sites under CT and NT tillage systems. The CT soils were managed under disk, chisel or plow tillage and after seeding, weeds were mechanically (rotary harrow and row cultivator) and chemically controlled. No-tillage planters were used for NT and weeds controlled with herbicides. At each site, the following data were determined: total soil organic C (TOC) by the Walkley and Black method (Walkley & Black, 1965) , and particle size distribution by the pipette method (Gee & Or, 2002) . Depending on the data origin, topsoil samples were taken from the 0-0.10 or 0-0.20 m layer. Furthermore, each specific management system was assessed. All soil samples were subjected to a compaction test (Proctor test) in the laboratory, as proposed by the "American Society for Testing Materials" standard method (ASTM, 1982) . Approximately 3 kg of dry and disturbed soil subsamples were moistened to reach a range of different water contents. Each moistened sub-sample was compacted in three layers in a compaction chamber (943 cm 3 ). Each layer was exposed to 25 impacts of a hammer (2.5 kg) falling from a height of 30.5 cm. Water content and bulk density were determined after oven-drying of the moistened and compacted soil samples at 105 ºC. MAXBD (Mg m -3 ) and CWC (g kg -1 ) indexes were calculated by plotting the water contentbulk density relationship.
The entire dataset was randomly divided into two groups to form two independent datasets: a training set (n =73) and a test data set (n =24). The training data set was used to construct different MAXBD and CWC soil compaction predictive models, using soil variables that are easily determined in routine soil survey laboratories. The test data set was used to validate the models developed with the training set. The associations between soil properties were evaluated using simple and multiple regressions (stepwise method) (Neter & Wasserman, 1974) . Additionally, it was tested if the introduction of a dummy variable (qualitative -related to management systems) would contribute to the fitness of the multiple regression model. Two different groupings were tested: uncropped vs cropped (CT and NT) and uncropped/NT vs CT. Values of 0 were assigned to uncropped and uncropped/NT and 1 to cropped and CT. Finally, the model was validated when the intercept of the linear regression between predicted and measured values was 0 and the slope 1.
RESULTS
The mean, range and standard errors of soil properties used to develop the models (training set) are shown in table 1. A wide variation in soil properties was observed, with maximum values consistently 5.6-10 times greater than minimum values. Clay content varied from 61 to 429 g kg -1 , sand from 73 to 773 g kg -1 , and TOC from 5.73 to 61.28 g kg -1 . The training data set included 14 uncropped soils and 21 soils under CT and 38 under NT.
The MAXBD values varied widely (1.14-1.76 Mg m -3 ), similarly to the CWC values (150-431 g kg -1 ). A negative significant relationship was found between MAXBD and CWC: where MAXBD represents the Proctor test maximum bulk density, and CWC the critical water content at MAXBD.
Different models were adjusted to predict the Proctor test parameters (Table 2) . For soil MAXBD, the simplest model included TOC as the only predicting variable. Soil TOC explained approximately half the variation in MAXBD (R 2 = 0.501). The R 2 coefficient increased 15.8 % with the addition of sand content as a second independent variable in the model. A more complex model was obtained by including a dummy as a third independent variable. The dummy variable distinguished uncropped and untilled soils (dummy value = 0) from CT soils (dummy value = 1). This model explained nearly 70 % of the variation in MAXBD (R 2 = 0.711). The same independent variables were included to predict soil CWC, but with opposing signs. However, a lower adjustment was obtained for CWC because only half the CWC variation (R 2 = 0.561) was explained when three independent variables were included in the model.
The range of variation, means and minimum square errors of the selected soil properties were used to validate the predictive models (Table 3 ). The test data set consisted of 24 entries: two uncropped, six CT and 16 NT soils.
The estimated and observed values for all models were adjusted (Table 4) . The fit to the line intercept did not differ from 0 and the slopes did not deviate from 1. Adjustments in the test data set had even higher R 2 coefficients and lower mean standard error -MSE values than those in the training set (Tables 2  and 4 ). These results indicated that the proposed models predicted Proctor test parameters reasonably well in the studied soils. The best MAXBD predictive model included three variables (Figure 2 ). In the case of CWC, the dummy variable "soil management" was dropped from the model on the basis of the calculated R 2 coefficients and MSE values. The best fit was obtained when soil TOC and sand content were included. region (Quiroga et al., 1999; Aragón et al., 2000; Diaz Zorita & Grosso, 2000) and elsewhere (Wagner et al., 1994; Thomas et al., 1996; Braida et al., 2006) . TOC acts as a shock absorber, resulting in the dissipation of part of the energy applied to soil in the Proctor test. It also contributes to the following processes: binding forces between particles and within aggregates, bonding, friction and dilution (Soane, 1990; Braida et al., 2006) . These are the main reasons that explain the reduction of MAXBD as TOC increases. The reduction of MAXBD per unit increase in TOC (g kg -1 ) was 0.00748 Mg m -3 for our training set. This result is similar to Quiroga et al. (1999) , but 50 % lower than Thomas et al. (1996) and Wagner et al. (1994) 
DISCUSSION
The surface texture of the soils in the Pampas region varies extensively. This is a consequence of the distribution of the original sediments, gradually changing from coarse to finer texture from Southwest to Northeast (Díaz Zorita et al., 2002; Álvarez et al., 2009) . The studied sites can be considered a good representation of all texture groups found in the region (Tables 1 and 3 ). Soil TOC was the single independent variable that best predicted MAXBD in regression model fitted for the training set (Table 2) , and later validated with the test data set (Table 4) . These results are consistent with previous studies in the Pampas reported. This suggests that the impact of TOC on soil compaction may differ regionally, depending on other soil variables (Aragón et al. 2000; Braida et al., 2006) or management (Quiroga et al., 1999) . This study demonstrated that soil texture fractions was the second independent variable that best predicted MAXBD. This result confirms those obtained by Aragón et al. (2000) and Diaz Zorita & Grosso (2000) . However, our study indicated that sand fractions best described the variation in both MAXBD and CWC. Former studies reported silt content (Pecorari et al., 1993; Aragón et al., 2000) , or silt or sand (Díaz Zorita & Grosso, 2000) as the best estimators for Pampas soils. In African soils, Nhantumbo & Cambule (2006) found that MAXBD variation was largely associated with changes in clay or silt plus clay content.
The inclusion of soil management as a dummy variable made the predictive model more robust. This result indicated that with the same amount of energy applied in the Proctor test, MAXBD values were higher in CT than uncropped and NT areas, despite the TOC and sand contents. This might be due to the higher instability of soil structure in CT than in uncropped and NT soils. Alvarez et al. (2009) found that the soil structural instability in CT was 62 % higher than in uncropped and NT soils. Soil structural instability is one of the most sensitive soil variables to management changes. Generally, slight differences in TOC content may be found between NT and CT soils, along with wide variations in structural instability (Alvarez & Steinbach, 2009; Alvarez et al., 2009) . A soil with high structural stability better resists applied compressive energy, resulting in lower MAXBD values (Dexter, 1975) .
MAXBD has been used as reference bulk density value to calculate relative soil compaction (RC; RC = (field bulk density / MAXBD) 100). Carter (1990) and Beultler et al. (2005) investigated the relationship between RC and potential crop yield in tilled soils and found that optimum crop growth was reached at a RC range of 75-83 % and that values exceeding 90 % affected crops negatively. In the Pampas region, the RC values ranged from 60 to 83 % under different tillage managements (Micucci & Taboada, 2006) . However, considering that MAXBD values in uncropped and NT soils are lower, the actual bulk density can easily surpass the RC threshold, resulting in an overestimation of crop yield losses. Therefore, Reichert et al. (2009) proposed higher thresholds of RC for NT soils. Future research is needed to determined the optimum RC values for tilled and untilled soils in the Pampas region, where more than half the soils are cultivated under continuous NT (Díaz Zorita et al., 2002; Álvarez et al., 2009 ).
Typically, soil MAXBD is negatively associated with CWC (Quiroga et al., 1999; Aragón et al., 2000) , which explains why the variability in both parameters was predicted by the same variables, TOC and sand content (Tables 2 and 4) . Aragón et al. (2000) found that CWC values close to saturation were highest (74-97 %) in fine-textured soils or soils with a higher TOC content. Mueller et al. (2003) found that maximum soil water content for optimum workability was equal to CWC in both cohesive and non-cohesive soils. Consequently, soil CWC is an important parameter of soil trafficability, because the risk of compaction is greatest when water content approaches CWC (Gupta & Allmaras, 1987) .
CONCLUSIONS
The present study successfully predicted Proctor test parameters (soil maximum bulk density and critical water content) in Mollisols, Entisols, and Vertisols under different tillage management systems. Predictions can be based on routine soil analysis or data available in soil surveys, e.g., total organic C and sand content. Predictions are more accurate if soil management is included in the model as a dummy variable. Maximum bulk density values were higher in conventionally tilled than in uncropped and untilled areas, regardless of the total organic C and sand contents. This study presents new information on the behavior of no-tillage soils under mechanical stress. Soil compaction can be avoided either by reducing traffic or increasing soil resistance to applied loads. Consequently, soil organic matter and no-tillage reduce maximum bulk density. Besides, farmers should avoid soil traffic when soil reaches maximum bulk density at the critical water content. 
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